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Abstract: This paper describes a scenario-based approach for evaluating the cascading impacts of sea level rise (SLR) 11 
and coastal flooding on emergency responses. The analysis is applied to Lower Manhattan, New York City, 12 
considering FEMA’s 100- and 500-year flood scenarios and New York City Panel on Climate Change (NPCC2)’s 13 
high-end SLR projections for the 2050s and 2080s, using the current situation as the baseline scenario. Service areas 14 
for different response timeframes (3-, 5- and 8-minute) and various traffic conditions are simulated for three major 15 
emergency responders (i.e. New York Police Department (NYPD), Fire Department, New York (FDNY) and 16 
Emergency Medical Service (EMS)) under normal and flood scenarios. The modelling suggests that coastal flooding 17 
together with SLR could result in proportionate but non-linear impacts on emergency services at the city scale, and 18 
the performance of operational responses is largely determined by the positioning of emergency facilities and the 19 
functioning of traffic networks. Overall, emergency service accessibility to the city is primarily determined by traffic 20 
flow speed. However, the situation is expected to be further aggravated during coastal flooding, with is set to increase 21 
in frequency and magnitude due to SLR. 22 
 23 
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1 Introduction 29 
 30 
Sea level rise (SLR) is among the most certain consequences of anthropogenic climate change, with significantly 31 
adverse effects on coastal settlements and ecosystems through permanent inundation of low-lying waterfront areas 32 
and by aggravating coastal flooding over a larger inland region (Hu and Deser, 2012; Nicholls and Cazenave, 2010). 33 
Tide gauge records show that global mean sea level rose by an average rate of 1.6 to 1.9 mm/year over the twentieth 34 
century (Hay et al., 2015), and CMIP5 climate models project a rise of 0.26 to 0.82 m in mean sea level rise by the 35 
end of 21st century (IPCC, 2012). Regional rates of sea level change vary from the global mean, due to local changes 36 
in oceanic circulation, variations in ocean temperature and salinity, vertical land movements, and static equilibrium 37 
processes (Mitrovica et al., 2001; Levermann et al., 2005; Kopp et al., 2014). For example, sea level has risen by 3 38 
mm/year since 1900 in the vicinity of New York City (NYC) with only 60% of the observed SLR driven by climate-39 
related factors and the remaining 40% caused by local factors (such as land subsidence). Climate model projections 40 
suggest a further rise of up to 1.9 m by 2100 (Peltier, 2004; Engelhart and Horton, 2012; Horton et al., 2015). 41 
 42 
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The effect of SLR on coastal flooding is well-documented globally. In the New York Harbor region SLR has 43 
significantly increased the frequency and/or intensity of storm tide flooding, with eight of the largest twenty extreme 44 
water levels occurring after 1990 (Talke et al., 2014). Hurricane Sandy generated the highest storm tide in the city’s 45 
history and the most destructive flooding over NYC, resulting in considerable losses (45 deaths and more than $20 46 
billion loss) and extensive indirect impacts (e.g. interruption of citywide infrastructure and public services) (NYC 47 
OEM, 2014). Towards the end of the 21st century, even if storm climatology does not change, the current 100-year 48 
flood for the city is projected to occur 2 to 4 times more often under the middle range of local NYC SLR estimates 49 
(Horton et al., 2015) and the current Sandy-like flood is projected to occur over 4 times more often (Lin et al., 2016) 50 
due to SLR. Hence, without further coastal adaptations, the city is expected to experience increasing flood risks under 51 
a changing climate (Aerts et al., 2014; Hallegatte et al., 2013). 52 
 53 
In response to evolving coastal flooding, local governments are required to provide efficient risk management to 54 
meet legislative requirements (e.g. response time for high priority incidents) (Rosenzweig and Solecki, 2014). 55 
Emergency services are in the front-line of the operational response. In the United States, emergency responses (such 56 
as search, rescue and emergency medical services (EMS)) to hazards operating at local (city or community) scale are 57 
mostly provided by a division of the Police and/or Fire Departments with the responsibility to dispatch emergency 58 
resources to save lives and reduce damages as soon as possible during an event. During and after Hurricane Sandy, 59 
there was a 37-fold increase in water rescues compared to the normal conditions. The New York City Police 60 
Department (NYPD) and Fire Department of the City of New York (FDNY) rescued more than 2,200 people from 61 
the rising water of the storm and performed grid searches of more than 31,000 homes and businesses once floodwaters 62 
receded (NYC Mayor’s Office, 2012). 63 
 64 
There has been limited research into the cascading impacts of flood-induced road network failures on emergency 65 
service provisions in a changing climate. A few studies focus on the development and application of high resolution 66 
coastal flood models (e.g. Bates et al. 2005; Blumberg et al. 2015; Wang et al. 2014; Ramirez et al. 2016); others 67 
address the impacts of flooding on surface transportation system (e.g. Chang et al. 2010). For example, Gil & 68 
Steinbach (2008) evaluated the indirect consequences of flooding on an urban street network by removing flooded 69 
road sections from the transport system. Yin et al. (2016a) used a high resolution 2D inundation model and a flood 70 
depth-dependent measure (30 cm) to examine the accessibility losses of an intra-urban road network under various 71 
flood magnitudes. Identification of flood hotspots and extent of disrupted road network enables evaluation of impacts 72 
on emergency responders’ performance. More recently, a framework for incorporating flood modelling with 73 
accessibility mapping for emergency responders has been developed by Coles et al. (2017), and demonstrated in the 74 
City of York with pluvial and fluvial events occurred in the city. Similarly, Green et al. (2017) evaluated the spatial 75 
coverage of emergency responders during pluvial and fluvial flood risks with various return periods for the City of 76 
Leicester, UK. Both studies focus on the accessibility of emergency responders to vulnerable populations (e.g. care 77 
homes) during flood events and within mandatory timeframes (8 minutes for Ambulance Service and 10 minutes for 78 
Fire & Rescue Service in the UK). 79 
 80 
Although there is no federal or state standard for emergency response time in the U.S., some requirements do exist 81 
in different communities. For example, EMS is mandated by the NYC to meet an average 10-minute response time 82 
on emergency calls. According to 911 performance statistics collected for NYC1 since November 2012, the majority 83 
of the End-to-End response time (including pickup, dispatch, processing and travel) was spent on traveling (3 to 9 84 
                                                             
1 http://www.nyc.gov/html/911reporting/html/reports/end-to-end.shtml 
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minutes). During coastal flood emergencies, waterfront road networks can be affected by inundation, leading to 85 
significant travel delays (i.e. longer response times) and even widespread disruption of emergency services. The 86 
efficiency of coastal flood emergency response largely depends on the functioning of transport network in the coastal 87 
floodplain. For instance, storm surge associated with hurricane Sandy flooded large proportions of the coastal road 88 
network of NYC, especially in the Manhattan area, delaying emergency fire response in Queens (FEMA, 2012). 89 
 90 
In this paper, we develop a scenario-based approach to quantify the impacts of SLR and coastal flooding on urban 91 
emergency response times using hydrodynamic modeling and GIS-based network analysis. Lower Manhattan 92 
(downtown and midtown, south of 57th Street), the Central Business District (CBD) of NYC, was used as a case 93 
study as it is highly vulnerable to coastal flooding induced by storm surge, which is expected to increase due to the 94 
change of storm climatology, in a magnitude comparable to the projected sea-level rise (SLR) (Lin et al., 2012). For 95 
example, the combined effects of storm climatology change and a 1-m SLR may result in the current NYC 100-year 96 
surge flooding to occur every 3-20 years and the 500-year flooding to occur every 25-240 years, by the end of the 97 
century (Lin et al., 2012). We begin by exploring the spatial-temporal characteristics of coastal flooding with rapid 98 
SLR over the coming decades. We then use the flood maps generated to investigate accessibility of the city by 99 
emergency services and to identify vulnerable facilities that lie within the inundated areas. Section 2 introduces the 100 
materials and methods, including data, coastal flood modeling and emergency service evaluation; Section 3 presents 101 
the results and discusses the key findings; finally, Section 4 provides the conclusions and offers suggestions for 102 
further research. 103 
 104 
2 Materials and methods 105 
 106 
2.1 Data and processing 107 
 108 
2.1.1. Flood scenarios 109 
 110 
Coastal flood scenarios were designed to evaluate the potential impacts of flooding on emergency service response.   111 
We apply FEMA’s 100-year and 500-year coastal flood estimates for NYC to establish the current and baseline flood 112 
scenarios. Based on the frequency analysis undertaken by FEMA flood insurance study in 2012 (FEMA, 2012), the 113 
flood heights above NAVD 88 Datum for 1 in 100- and 500-year events along the NYC floodplain-sea boundary are 114 
used. To account for the effect of SLR, projected SLRs (see below) are linearly added to these baseline floods to 115 
create the flood scenarios for the 2050s and 2080s. Here we do not consider possible changes in the storm climatology 116 
in the future climate (Lin et al., 2012 and 2016). 117 
 118 
2.1.2 Local sea level rise 119 
 120 
In this study, we apply NPCC2’s SLR projection for NYC, which were developed based on a seven-component 121 
approach (Horton et al., 2015), including relative ocean height, local fingerprint associated with the ocean’s responses 122 
to ice mass loss, and land height change terms (NPCC2, 2013). The report is widely regarded as the most systematic 123 
study of SLR in NYC and has been officially adopted by local government in coastal resilience planning. Compared 124 
to other SLR studies (e.g. Kopp et al., 2014), the NPCC2’s results show a wider range primarily due to the different 125 
sources of components considered, assumptions made and distributions assumed. To account for plausible yet 126 
extreme scenarios, high-end estimates (i.e. 90th percentiles of model-based distributions) of NPCC2’s SLR 127 
projections were derived for the 2050s (0.76 m) and 2080s (1.47 m), relative to the 1971-2000 baseline. 128 
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 129 
2.1.3 Topography dataset 130 
 131 
Floodplain topography is available for NYC in the form of a Digital Elevation Model (DEM). The data were acquired 132 
by the NYC Department of Environmental Protection and the Department of Information Technology & 133 
Telecommunications in 2012 using Light Detection and Ranging (LiDAR) technology. The DEM was constructed 134 
from LiDAR point cloud with a horizontal resolution of 30 cm and a vertical accuracy of ± 10~20 cm. In this study, 135 
a “bare earth” topography based on North American Vertical Datum of 1988 (NAVD 88) was produced by removing 136 
non-topographic features (e.g. trees, cars and buildings). Building representation in urban hydrodynamic model is an 137 
active research field as buildings represent barriers to flow and reduce the area available for water storage (e.g. Yu 138 
and Lane 2006b; Fewtrell et al 2008; Neal e al. 2011). The impact of four treatment methods for building topography 139 
(building resistance, building block, building hole, and building porosity) has been investigated using a 2D flood 140 
inundation model (Schubert and Sanders, 2012). Results suggest that all four approaches support sufficiently accurate 141 
flood extent and stream flow prediction. The best method for a particular application depends on data availability, 142 
modeling objectives and user tolerances for pre-processing and run-time costs. Considering the size of the simulation 143 
domain and focus of the paper, building effects were modeled in our analysis using building resistance method, i.e. 144 
relatively high Manning coefficient. To reduce the computational costs, the 0.3 m LiDAR DEM was further 145 
resampled to a 6 m grid resolution using bilinear interpolation method, resulting in a DEM sufficiently fine to 146 
represent primary urban surface features (e.g. roads). Consequently, the simulation domain of the Lower Manhattan 147 
consists of 1000 × 1300 grids, or 1.3 million cells. 148 
 149 
2.1.4 Road network and facilities 150 
 151 
The most recent (updated in August 2016) GIS dataset of city facilities and a single line street base map (i.e. LION) 152 
were obtained from the NYC Open Data Portal2. Locations of critical emergency responders were identified from 153 
the city facility layer, including 30 fire houses (FS), 11 police stations (PS), and 2 EMS centers. Locations of 154 
vulnerable healthcare facilities include nursing homes, hospitals, hospices, and adult day care facilities were also 155 
derived from the dataset. City streets and traffic directions were extracted from LION. Current speed limits (i.e. 40 156 
mph for F.D.R. (Franklin D. Roosevelt East River Drive), 35 mph for West Street, 11 and 12 Avenue, and 20~25 157 
mph for the other roadways) were collected and assigned to each road sections in Lower Manhattan. Traffic signals 158 
and other driving regulations, which emergency vehicles are exempt from (e.g. one way and U-turn), were not 159 
considered. A transport network dataset was then created using the default turn restrictions in ArcGIS10.2. 160 
 161 
2.2 Coastal flood modeling 162 
 163 
A simplified 2D flood inundation model (FloodMap-Inertial) – a revised version of an earlier diffusion-based model 164 
(FloodMap, Yu and Lane 2006a, b) – was used to simulate the hydrodynamics of coastal flooding. The model has 165 
been calibrated for the NYC using the 2012 Hurricane Sandy event, against the highest water levels obtained from 166 
USGS HWMs (High Water Marks), deployed along the NYC coast prior to storm landfall. (Yin et al., 2016b). The 167 
simplified 2D solutions have been shown to perform as well as full 2D models for the treatment of coastal flooding, 168 
but at much lower computational cost (Bates et al., 2005). The module used here solves the inertial form of the 2D 169 
shallow water equations in a raster-based environment. Surface flood routing takes the same form as the inertial 170 
                                                             
2 http://www1.nyc.gov/site/planning/data-maps/open-data.page 
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algorithm of Bates et al. (2010), but with a different approach to time step calculation, which forward calculates the 171 
optimal time step for the next iteration rather than using the time step calculated in the current iteration for the next. 172 
The details of the model structure have been presented in Yu and Lane (2011), and the key features of the model 173 
structure are presented below. The momentum equation in the Saint-Venant equations without the convective 174 
acceleration term takes the form: 175 
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where q is the flow per unit width, g is the acceleration due to gravity, R is the hydraulic radius, z is the bed elevation, 177 
h is the water depth, and n is the Manning’s roughness coefficient. R can be approximated with h for wide and shallow 178 
flows. Discretizing the equation with respect to time gives: 179 
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where one of the qt in the friction term can be replaced by qt+△t, resulting in the explicit expression of the flow at the 181 
next time step: 182 
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Flows in the x and y directions are decoupled and take the same form. Discharge is evaluated at cell edges and depth 184 
at the cell centre. To maintain model stability and minimize numerical diffusion, the Forward Courant-Freidrich-185 
Levy Condition (FCFL) approach described in Yu and Lane (2011) for the diffusion-based version of FloodMap is 186 
used in the inertial model to calculate the time step: 187 
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where w is the cell size, di and dj are the effective water depths; Si and Sj are water surface slopes; and i and j are the 189 
indices for the flow direction in the x and y directions, respectively. The effective water depth is defined as the 190 
difference between the higher water surface elevation and the higher bed elevation of two cells that exchange water. 191 
The minimum time step that satisfies the FCFL condition for all wet cells is used as the global time step for this 192 
iteration. This approach does not require the back calculation of Courant number as the time step is calculated based 193 
on the CFL condition that satisfies every wet grid cell for the current iteration. The universal time step calculated 194 
with FCFL may need to be scaled further by a coefficient, with a value between 0 and 1, as the FCFL condition is not 195 
strictly the right stability criteria for an inertial system. A scaling factor in the region 0.5 to 0.8 was found to yield a 196 
stable solution in previous studies – a scaling factor of 0.7 was used herein for all simulation. Calibration and 197 
validation of the model have been conducted for the study area in Yin et al. (2016b). A relatively high floodplain 198 
roughness value (Manning’s n=0.06) was used in the present simulations to represent the effect of urban features (e.g. 199 
buildings) on flow routing.  200 
 201 
To apply FloodMap for inundation simulation, we convert the static flood scenarios to dynamic boundary conditions, 202 
by scaling Hurricane Sandy’s stage hydrograph. Specifically, the hourly water level recorded at the Battery gauge 203 
station during Hurricane Sandy was scaled according to each flood scenario. A constant tidal cycle with two rising 204 
phases and two falling limbs, similar to that during Hurricane Sandy, was applied. The stage hydrograph was scaled 205 
for and applied to each of the 23 coastline sections (defined by the FEMA flood maps) in the study area to drive the 206 
inundation analysis. The baseline 2012 tidal hydrograph was scaled up proportionally from the onset to the peak 207 
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where the projected SLR heights are imposed. 208 
 209 
2.3 Emergency response evaluation 210 
 211 
2.3.1 Defining flood restriction 212 
 213 
Regular vehicles such as compact or full size cars should avoid travelling through flood water higher that 25-35 cm 214 
as these are the heights of their exhaust pipes, water above which may cause loss of control for the moving vehicles. 215 
In many cities around the world (e.g. Shanghai), floodwater depth ≥ 25 cm was adopted as a critical threshold for 216 
road closures. Previous studies in the UK (e.g. Green et al., 2017; Coles et al., 2017) used 25 cm as a threshold of 217 
blockage to emergency vehicles (Ambulance; Fire & Rescue), based on the understanding that the depth of extensive 218 
waterbody on the road may be difficult to determine any submerged objects or features (such as open manhole covers) 219 
that may pose unforeseen threats, even to emergency vehicles. Moreover, floodwater velocity is known to affect road 220 
infrastructures and vehicles (Kreibich et al., 2009). For example, Tingsanchali (1996) indicated that if the floodwater 221 
reaches an average depth of 0.5 m, a flow velocity of 1.0 m/s is the tipping point for vehicle instability. In case of 222 
higher velocity, a very shallow depth of water may raise at the contact of the vehicle, leading to unsafe wading (1.0 223 
to 2.0 m/s) and even damage to light structures (over 2.0 m/s). According to NYC flood insurance study (2013), mean 224 
flood velocities in Manhattan are mostly less than 2.0 m/s. Emergency responders in the NYC are equipped with 225 
larger vehicles such as emergency heavy trucks which have a higher tolerance to traversing flood water. Therefore, 226 
instead of using the 25 cm depth threshold used in two previous studies (Coles et al. 2017; Green et al. 2017), we 227 
applied a 50 cm threshold as flood restrictions to emergency vehicles and flow velocity is considered in this case. 228 
Based on the coincidence of GIS roadways and water depths greater than 50 cm, street segments affected were 229 
determined and treated as barriers in the road network. 230 
 231 
2.3.2 Emergency service analysis 232 
 233 
Polygons were created to represent the service areas that can be reached from the emergency facilities within a given 234 
response time under normal (i.e. no flood) as well as disrupted conditions from different flood scenarios. The 235 
emergency service coverage was calculated based on the quickest routing weighted by travel time rather than the 236 
shortest path algorithm by distance from facility to destination. Using the facilities as starting points, travel impedance 237 
is set to use Drive Time (Minutes) in ArcGIS Network Analyst. Three service areas lying within a 3-min, 5-min and 238 
8-min drive were specified for each facility, considering that different categories of incidents require different 239 
response timeframes. For example, records show that the travel time was on average about 3 ~ 5 minutes for high 240 
priority incidents in NYC during 2013 and 2016 (http://www.nyc.gov/html/911reporting/html/reports/end-to-241 
end.shtml). In addition, taxi GPS data since 2010 show significant traffic congestion and temporal variation with an 242 
annual average travel speed of less than 10 mph in Lower Manhattan (NYC Department of Transportation, 2016). 243 
To account for the effect of traffic, the sensitivity of response time to congestion was evaluated by reducing the speed 244 
limits at a 5-mph interval (i.e. S1: speed limit, S2: speed limit minus 5mph, S3: speed limit minus 10mph and S4: 245 
speed limit minus 15mph). Total obstruction for a prolonged period of time is an unavoidable traffic condition in 246 
megacities, particularly in Lower Manhattan. In such situations, flood emergency response via road network would 247 
be completely interrupted. To consider such situations, traffic modelling is needed, and real-time traffic monitoring 248 
can provide live data for verifying and conditioning traffic modelling. This was not considered in our analysis. 249 
 250 
3 Results and discussions 251 
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 252 
3.1 Coastal flood characteristics 253 
 254 
Predicted maximum inundation depths for the 1 in 100- and 500-year coastal flood for the baseline, 2050s and 2080s 255 
scenarios are presented in Fig. 1. Comparison of the derived flood maps reveals three important findings. First, almost 256 
the entire waterfront area is subject to inundation during major flood scenarios at current and future states, due to a 257 
low-standard and fragmentary bulkhead coastal protection which is only 1.25 to 1.75 m above mean sea level in 258 
southern Manhattan (Colle et al. 2008). Second, coastal inundation extent increases proportionately with increased 259 
recurrence intervals and SLR projections over time. This can be largely attributed to the presence of lateral 260 
topographic confinement on the floodplain and thus flood water would be restricted to coastal low-lying regions, 261 
especially in the downtown area. Third, as expected, SLR significantly increases the maximum flood inundation. The 262 
magnitude of impacts, in terms of both extent and depth, depends on the rate of projected SLR. When the 0.76-m and 263 
1.47-m rise in the local sea level for the 2050s and 2080s are considered, a 35 % and 60 % increase in total inundation 264 
area is observed for the 100-year flood scenarios and a 20% and 38% increase is observed for the 500-year flood 265 
scenarios. 266 
 267 
Fig. 1 Maximum inundation maps predicted by FloodMap for different scenarios: 100-year flood in 2012 (upper left), 100-268 
year flood in 2050s (upper middle), 100-year flood in 2080s (upper right), 500-year flood in 2012 (lower left), 500-year 269 
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flood in 2050s (lower middle), 500-year flood in 2080s (lower right). 270 
 271 
In order to illustrate the temporal characteristics of coastal flood dynamics, time series of inundation areas for each 272 
scenario are further explored and presented in Fig. 2. It is found that the corresponding time-area curves are in line 273 
with each other. This suggests that the timing of the inundated area is synchronized with the fluctuation of storm tide, 274 
expected of a relatively small domain with upward gradient further away from the shore. In each simulation, the 275 
inundated extent increases rapidly during the rising phase and maximum inundation is reached shortly after the flood 276 
peak, gradually decreasing afterwards as the stage subsides. Moreover, results indicate that SLR leads to 277 
proportionately larger impacts on coastal flooding throughout the simulations, confirming what is found in Fig. 1. 278 
With rapid rise in sea level, severe coastal inundation would occur more extensively in the low-lying floodplain, and 279 
for longer durations. 280 
 281 
Fig. 2 Time series of inundation areas for 100- and 500-year flood scenarios in 2012 (blue line), 2050s (green line) and 282 
2080s (red line).  283 
 284 
3.2 Emergency response impacts 285 
 286 
3.2.1 Emergency services under normal conditions 287 
 288 
Network analysis under normal conditions shows that, when no flood restrictions are in place, almost the entire area 289 
is accessible within 8 minutes or less for fire and police services (Fig. 3 and Table 1). The sensitivity analysis of 290 
travel speeds further reveals that fire and police emergency responses would be able to reach the majority of Lower 291 
Manhattan within 3 minutes or 5 minutes even under adverse traffic conditions. For example, if emergency vehicles 292 
drive at speed S4 (i.e. speed limit minus 15mph), 92% and 74% of the area would be covered within 5 minutes by 293 
the fire and police services respectively. The response times presented here match well with the observations which 294 
are about 3 to 5 minutes of average traveling for major FDNY (category-1, 2, 3 and 4) and NYPD (category-1 and 2) 295 
emergency incident 3 . In addition, significant areas can be served by multiple fire and police stations during 296 
emergency response. These findings suggest that fire houses and police stations are well placed throughout the region 297 
with sufficient overlaps in the service area of each facility, providing a good degree of contingencies for emergency 298 
response in situations where certain stations are out of action. 299 
 300 
Table 1 Accessibility of emergency services with various travel speeds under non-flood conditions. Unit: km2. 301 
                                                             
3 http://www.nyc.gov/html/911reporting/html/reports/end-to-end.shtml 
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Emergency 
services 
EMS with various travel speeds FDNY with various travel speeds NYPD with various travel speeds 
S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 
Accessible 
in 3 minutes 
6.9 
(26%) 
4.25 
(16%) 
2.33 
(9%) 
1.06 
(4%) 
24.55 
(94%) 
24.41 
(94%) 
22.68 
(87%) 
14.79 
(57%) 
24.11 
(93%) 
22.58 
(87%) 
16.49 
(63%) 
7.03 
(27%) 
Accessible 
in 5 minutes 
16.28 
(63%) 
11.59 
(45%) 
7.25 
(28%) 
3 
(12%) 
25 
(96%) 
24.95 
(96%) 
24.87 
(96%) 
23.92 
(92%) 
24.95 
(96%) 
24.88 
(96%) 
24.65 
(95%) 
19.31 
(74%) 
Accessible 
in 8 minutes 
25.31 
(97%) 
22.32 
(86%) 
16.83 
(65%) 
9.47 
(36%) 
25.65 
(99%) 
25.65 
(99%) 
25.65 
(99%) 
25.65 
(99%) 
25.66 
(99%) 
25.65 
(99%) 
25.65 
(99%) 
25.61 
(99%) 
 302 
In terms of emergency medical services, the results indicate that, under no flood conditions, spatial coverage of EMS 303 
is sensitive to traffic conditions. This is due to the limited number of EMS centers and their uneven distribution (Fig. 304 
3). In Lower Manhattan, there are only two EMS stations that are located in the southern- and mid-eastern parts of 305 
the city respectively. Compared to the fire and police services, significantly less coverage is predicted for EMS, 306 
especially within the 3- and 5-minute timeframes, with the northwest region most vulnerable. Although 97% of Lower 307 
Manhattan would be reachable within 8 minutes or less in unobstructed traffic conditions (e.g. in the evenings), the 308 
8-min EMS response zones cover only 36% of the total area when significant congestion occurs (S4), reducing to 309 
12% and 4% within 5-minute and 3-minute respectively. The results are consistent with the actual EMS response 310 
times which were on average 6.39 minutes for life threatening incidents and 9.04 minutes for non-life threatening 311 
incidents4. 312 
                                                             
4 http://www.nyc.gov/html/911reporting/html/reports/end-to-end.shtml 
10 
 
 313 
Fig. 3 Emergency service areas for (3 (green), 5 (yellow), and 8 (pink) -minute timeframes) EMS (upper), Fire houses 314 
(middle) and Police Stations (lower) under normal (no flood) conditions with different travel speeds: S1 in the first column 315 
for S1, S2 in the second column for S2, S3 in the third column for S3, and S4 in the fourth column for S4. 316 
 317 
3.2.2 Emergency services under flood scenarios 318 
 319 
When flood restrictions are incorporated into the network analysis, road disruptions and inaccessible areas can be 320 
identified for each scenario (Table 2). To illustrate such impacts, emergency service areas covered by 3-, 5- and 8-321 
minute response times with S1 and S4 travel speeds under 100- and 500-year coastal flood scenarios are illustrated 322 
in Fig. 4. The results suggest that coastal flooding exerts varying degrees of impact on the three types of emergency 323 
response coverage. For fire and police services, emergency response can still reach the majority of the area where 324 
the road network has not been disrupted by coastal flooding. This is due to the significant overlaps between service 325 
areas of individual stations, which to a large extent compensate for losses in the coverage by stations directly affected 326 
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by flooding. In contrast, because of the proximity to shoreline, floodwater directly compromises one of the two EMS 327 
centers in all scenarios, leading to a significant reduction (over 30% of the total area) in response coverage to the 328 
north of the region. Moreover, a notable ‘blind spot’ at the island’s southern tip can be observed for ambulance and 329 
police services under the 2080s flood scenarios due to a lack of in-place facilities and key access routes under 330 
floodwater. 331 
 332 
The simulations also show that emergency response service areas gradually decrease with increasing flood magnitude. 333 
Around 83% of the total area is reachable in 8 minutes or less by fire and police services under the current 100-year 334 
coastal flood event, compared to 75% under the current 500-year scenario. With a 0.76 m rise in sea level projected 335 
for 2050s, one police station and two to five fire houses would be directly affected, and 76% and 71% of the road 336 
network would be accessible within 8 minutes under 100- and 500-year flood scenarios. When compared with the 337 
normal operating conditions, a projected 1.47-m rise in sea level is expected to contribute a 28% to 33% reduction in 338 
accessible areas under 100- and 500-year scenarios in 2080s respectively. Up to 37% of Lower Manhattan would be 339 
entirely unreachable or ‘islanded’ for police emergency services under the 500-year scenario in the 2080s, indicating 340 
that SLR has significant and non-linear impacts on emergency response spatial accessibility. 341 
 342 
For the ambulance emergency services, the impact of coastal inundation is more pronounced as only one EMS center 343 
would be operational in the flood scenarios. Additionally, the service area is highly sensitive to travel speeds of 344 
ambulance vehicles. For example, under normal traffic conditions (i.e. S1), over half (51%) of the area is predicted 345 
to be accessible within 8 minutes in the current 100-year flood scenario, compared to 46% under the current 500-346 
year scenario. By contrast, only 15% and 14% of the community can be reached in 8 minutes in congested traffic 347 
conditions (i.e. S4) under current 100- and 500-year flood scenarios, respectively. The insensitivity of service to flood 348 
magnitude under the same traffic conditions can be explained by the overlaps of EMS spatial coverage between 349 
ambulance stations. Furthermore, the impact of SLR on EMS’s spatial accessibility for both the 100- and 500-year 350 
events demonstrates similar patterns as the fire and police services, with slight decreases in the coverage from present 351 
day to 2050s to 2080s. SLR, coastal flood events and the operation of emergency service have different timescales. 352 
SLR evolves over decadal and centennial timescales and amplifies storm impact (i.e. duration and/or extent) during 353 
period of flood events (days, hours), whilst emergency service responds to coastal flood events that may last hours 354 
to days on demand. With the consideration of SLR into discrete points into the near future (2050 and 2080), we 355 
investigate how long-term evolution of SLR affects the event-scale emergency responses.  356 
 357 
To investigate the relative impact of SLR on emergency response time, the ambulance response time to healthcare 358 
facilities is further quantified via fastest routing under normal and flood scenarios in Lower Manhattan (Fig. 5). 359 
Results suggest that compared to normal condition, coastal flooding causes significant increases in response times, 360 
mostly due to the lack of access from one EMS and the disruption of coastal highways (e.g. F.D.R). The modelled 361 
response time ranges from 0.33 to 8.18 min with an average value of 3.82 min in unobstructed traffic (i.e. S1) under 362 
no flood condition, while the average response time increases significantly to 6.18 and 6.19 minutes for the current 363 
100y and 500y flood scenarios, respectively. However, SLR exerts a relatively minor impact on EMS response time. 364 
For example, with a 1.47 m rise in sea level, ambulance response time on average increases by 0.32 minute for a 365 
500y flood event. This can be attributed to the confined nature of flood extents in coastal floodplains. 366 
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Table 2 Accessibility of emergency services with various travel speeds under flood scenarios in current state, 2050s and 2080s. Unit: km2. 367 
 368 
Responses 
with various 
travel speed 
Accessible in current 100-
flood scenario 
Accessible in current 500-
flood scenario 
Accessible in 2050s 100-
flood scenario 
Accessible in 2050s 500-
flood scenario 
Accessible in 2080s 100-
flood scenario 
Accessible in 2080s 500-
flood scenario 
3min 5min 8min 3min 5min 8min 3min 5min 8min 3min 5min 8min 3min 5min 8min 3min 5min 8min 
EMS-S1 3.19 
(12%) 
7.52 
(29%) 
13.35 
(51%) 
2.83 
(11%) 
6.58 
(25%) 
11.87 
(46%) 
2.86 
(11%) 
6.73 
(26%) 
12.11 
(47%) 
2.66 
(10%) 
5.75 
(22%) 
11.09 
(43%) 
2.71 
(10%) 
6.07 
(23%) 
11.3 
(43%) 
2.48 
(10%) 
4.49 
(17%) 
9.05 
(35%) 
EMS-S2 2.15 
(8%) 
5.43 
(21%) 
10.74 
(41%) 
1.95 
(8%) 
4.62 
(18%) 
9.55 
(37%) 
1.96 
(8%) 
4.69 
(18%) 
9.77 
(38%) 
1.85 
(7%) 
4.28 
(16%) 
8.76 
(34%) 
1.88 
(7%) 
4.41 
(17%) 
8.95 
(34%) 
1.75 
(7%) 
3.52 
(14%) 
6.94 
(27%) 
EMS-S3 1.33 
(5%) 
3.35 
(13%) 
7.71 
(30%) 
1.23 
(5%) 
2.93 
(11%) 
6.78 
(26%) 
1.23 
(5%) 
2.96 
(11%) 
6.95 
(27%) 
1.17 
(5%) 
2.76 
(11%) 
6.01 
(23%) 
1.19 
(5%) 
2.79 
(11%) 
6.28 
(24%) 
1.08 
(42%) 
2.56 
(10%) 
4.68 
(18%) 
EMS-S4 0.65 
(3%) 
1.65 
(6%) 
4 
(15%) 
0.62 
(2%) 
1.5 
(6%) 
3.52 
(14%) 
0.63 
(2%) 
1.53 
(6%) 
3.6 
(14%) 
0.58 
(2%) 
1.43 
(6%) 
3.3 
(13%) 
0.58 
(2%) 
1.46 
(6%) 
3.39 
(13%) 
0.53 
(2%) 
1.33 
(5%) 
3.06 
(12%) 
FDNY-S1 20.07 
(77%) 
20.66 
(79%) 
21.51 
(83%) 
18.19 
(70%) 
18.74 
(72%) 
19.51 
(75%) 
18.4 
(71%) 
18.96 
(73%) 
19.76 
(76%) 
17.27 
(66%) 
17.81 
(69%) 
18.57 
(71%) 
17.52 
(67%) 
18.06 
(69%) 
18.83 
(72%) 
16.09 
(62%) 
16.65 
(64%) 
17.44 
(67%) 
FDNY-S2 19.87 
(76%) 
20.61 
(79%) 
21.51 
(83%) 
18.08 
(70%) 
18.68 
(72%) 
19.5 
(75%) 
18.3 
(70%) 
18.91 
(73%) 
19.75 
(76%) 
17.15 
(66%) 
17.76 
(68%) 
18.57 
(71%) 
17.4 
(67%) 
18.01 
(69%) 
18.82 
(72%) 
15.97 
(61%) 
16.61 
(64%) 
17.45 
(67%) 
FDNY-S3 18.31 
(70%) 
20.48 
(79%) 
21.5 
(83%) 
16.95 
(65%) 
18.59 
(72%) 
19.51 
(75%) 
17.11 
(66%) 
18.81 
(72%) 
19.75 
(76%) 
16.03 
(62%) 
17.66 
(68%) 
18.57 
(71%) 
16.22 
(62%) 
17.91 
(69%) 
18.82 
(72%) 
14.83 
(57%) 
16.5 
(63%) 
17.44 
(67%) 
FDNY-S4 12.05 
(46%) 
19.41 
(75%) 
21.51 
(83%) 
11.2 
(43%) 
17.9 
(69%) 
19.5 
(75%) 
11.34 
(44%) 
18.07 
(70%) 
19.75 
(76%) 
10.56 
(41%) 
16.95 
(65%) 
18.57 
(71%) 
10.71 
(41%) 
17.18 
(66%) 
18.82 
(72%) 
9.56 
(37%) 
15.75 
(61%) 
17.45 
(67%) 
NYPD-S1 19.77 
(76%) 
20.59 
(79%) 
21.5 
(83%) 
17.85 
(69%) 
18.66 
(72%) 
19.5 
(75%) 
18.17 
(70%) 
18.9 
(73%) 
19.76 
(76%) 
16.98 
(65%) 
17.73 
(68%) 
18.58 
(71%) 
17.29 
(67%) 
17.99 
(69%) 
18.83 
(72%) 
15.2 
(58%) 
15.76 
(61%) 
16.46 
(63%) 
NYPD-S2 18.87 
(73%) 
20.49 
(79%) 
21.5 
(83%) 
17.06 
(66%) 
18.57 
(71%) 
19.5 
(75%) 
17.35 
(67%) 
18.81 
(72%) 
19.75 
(76%) 
16.06 
(62%) 
17.64 
(68%) 
18.58 
(71%) 
16.41 
(63%) 
17.91 
(69%) 
18.84 
(72%) 
14.59 
(56%) 
15.69 
(60%) 
16.45 
(63%) 
NYPD-S3 14.27 
(55%) 
20.11 
(77%) 
21.5 
(83%) 
12.76 
(49%) 
18.27 
(70%) 
19.59 
(75%) 
12.9 
(50%) 
18.51 
(71%) 
19.75 
(76%) 
11.96 
(46%) 
17.3 
(67%) 
18.58 
(71%) 
12.03 
(46%) 
17.61 
(68%) 
18.84 
(72%) 
10.9 
(42%) 
15.52 
(60%) 
16.49 
(63%) 
NYPD-S4 6.29 
(24%) 
16.36 
(63%) 
21.29 
(82%) 
5.45 
(21%) 
14.69 
(57%) 
19.23 
(74%) 
5.71 
(22%) 
14.89 
(57%) 
19.67 
(76%) 
5.11 
(20%) 
13.79 
(53%) 
18.36 
(71%) 
5.12 
(20%) 
13.92 
(54%) 
18.66 
(72%) 
4.79 
(18%) 
12.69 
(49%) 
16.39 
(63%) 
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2012            2050           2080             2012            2050           2080 369 
a b  370 
c d  371 
Fig. 4 Emergency service areas in 3-, 5- and 8-minute response timeframes for EMS, fire houses and police stations under 372 
various SLR and coastal flood conditions and different travel speeds: (a) 100-year flood scenarios with S1; (b) 500-year 373 
flood scenarios with S1; (c) 100-year flood scenarios with S4; (d) 500-year flood scenarios with S4. Light blue represents 374 
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water depth higher than 50 cm. 375 
 376 
Normal condition         2012 100y flood          2050 100y flood         2080 100y flood 377 
 378 
                    2012 500y flood          2050 500y flood         2080 500y flood 379 
   380 
Fig. 5 Fastest routes between EMS and healthcare facilities in Lower Manhattan at normal and coastal flood conditions 381 
 382 
3.3 Future perspective and adaptation measures 383 
 384 
Since Lower Manhattan is physically and socio-economically vulnerable to the impacts of SLR and coastal flood 385 
events, appropriate resilience measures should be implemented to mitigate the potential negative consequences. As 386 
the most effective measure, a coastal flood protective system (BIG U) is likely to be initiated in the next few years to 387 
protect the city against SLR and Sandy-like stormwater in the future (Rosenzweig and Solecki, 2014). The project 388 
will loop around the entire shoreline of Lower Manhattan with 10 continuous miles of reinforced seawall, stretching 389 
from West 57th street south to the Battery and up to East 42th street. The coastal flood defence is designed to 390 
withstand a present-day one in 100-year flood plus NPCC’s 2050s high-end SLR projection. With this major flood 391 
defence system in place, future flood risk and associated impact on emergency responses in the short- to medium-392 
term are expected to be alleviated for this part of the city. However, low probability flood events (i.e. 1 in 100- and 393 
1 in 500-year events) may still pose threats to the city over the long term (e.g. 2080s). Hence a new set of approaches 394 
(i.e. adaptation pathways) are required to develop sustainable policies and planning which can address the 395 
uncertainties from long term change and support flexibility in systems design and management (Deng et al., 2013; 396 
Buurman and Babovic, 2016; Manocha and Babovic, 2017). 397 
 398 
In addition to directly tackling SLR and flood hazards, alternative measures can be adopted by emergency services. 399 
For example, availability of waterproof vehicles and maneuverable boats which can be easily carried and deployed 400 
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for storage on a vehicle during coastal flood rescue operations could be one option. Furthermore, emergency service 401 
stations could be more strategically positioned to minimize response travel time and maximize spatial coverage with 402 
optimal overlap. For example, the EMS center situated in coastal floodplain could be relocated to the middle or north 403 
of the region. We also suggest that prepositioning ‘stand-by’ vehicles in predicted ‘blind spots’ as well as establishing 404 
temporary facilities (e.g. mobile pumping, demountable floodwall and inflatable bags) at critical nodes or linkages 405 
before potential flooding could significantly reduce disruption to emergency services. Moreover, prioritizing the 406 
evacuation of vulnerable people (e.g. homebound and elderly residents) and facilities (hospitals and nursing homes) 407 
in flood-prone areas would significantly lessen the burden of emergency response during and after a catastrophic 408 
flood event. 409 
 410 
4 Conclusions 411 
 412 
This study integrated a high resolution 2D hydraulic model (FloodMap) and a widely used GIS spatial analysis tool 413 
(Network Analyst) in order to evaluate SLR and coastal flood impacts on emergency service accessibility in Lower 414 
Manhattan, NYC. A number of conclusions can be drawn. First, coastal flooding combined with SLR is likely to 415 
reduce emergency response spatial coverage and response time via disruption to road network. Second, the 416 
performance of emergency services also depends on the station positioning and traffic conditions under both normal 417 
and flood scenarios. Finally, even with anticipated strengthening of coastal flood defences in the near future, 418 
emergency responders should still be prepared for a potential extreme flood event in a fast changing and uncertain 419 
climate. The approach presented here can be readily adopted for applications in other mega- coastal cities such as 420 
Shanghai, Mumbai, Bangkok and Jakarta which are particularly vulnerable to SLR and coastal flooding. However, 421 
data may not be readily available for developing nations, in particular the integrated transport network (ITN). 422 
Methods that adopt simplified ITN in their analysis should be developed for applications in data-sparse situations. 423 
 424 
The analysis provides a detailed analysis of emergency service vulnerability to SLR and coastal flooding, and thus 425 
helps to guide decision-making for sustainable coastal flood emergency planning and management. However, to gain 426 
more insight and arrive at more robust conclusions, further research is warranted for the following aspects: (i) 427 
evaluating the duration, in addition to the spatial coverage of loss of accessibility for emergency services; (ii) 428 
incorporating traffic modeling into emergency response assessment to generate more reliable (variable) travel speeds 429 
and response times under different scenarios; and (iii) more sophisticated evaluation of network disruption that could 430 
take into account velocities as well as depths, and/or severe impedance by debris even in relatively shallow flood 431 
waters; and (iv) developing capabilities to forecast accessibility ahead of, during and in the aftermath of coastal flood 432 
events to guide operational responses in real-time. Moreover, the present analysis focuses on above ground 433 
emergencies, future studies should also be undertaken to assess response times and access to emergencies in 434 
flood/partially flooded subways, basements and underground car parks. 435 
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